Abstract-Most of the power system networks have significant dynamic loads. In this paper, induction motor is considered as a dynamic load which causes voltage stability problems in power systems. This paper presents an analysis to investigate the critical parameters of power systems with dynamic loads for stability studies. To investigate the critical parameters, a single machine infinite bus (SMIB) system with induction motor load is considered in this paper. The dynamic characteristics of a large system are also analyzed based on these critical parameters. Here, the system is linearized about an operating point using Taylor series expansion method. By analyzing the participation factors and eigenvalues of the considered system, the role of critical parameters is investigated for a large system.
I. INTRODUCTION
Power systems are large complex nonlinear systems with constantly varying loads. Power System always experiences oscillation due to the disturbances on it. The stability of electromechanical oscillation between interconnected synchronous generators and loads is necessary for secure system operation. The stability analysis of power systems has been a challenge for power system engineers since the 1920s [1, 2] . The fundamental phenomenon of power system stability is investigated in [3] which has explored a variety of machine loading, machine inertias, and system external impedances with a determination of the oscillation and damping characteristics of voltage or speed following a small disturbance in mechanical torque. Since then many techniques to assess the stability of the power system have been proposed, see, e.g., [4] [5] [6] [7] [8] [9] [10] [11] . In these papers, they mainly consider the power system as a single machine infinite bus (SMIB) system or a multimachine system. They also use the linear analysis and control techniques to enhance the stability of the power system. Some nonlinear control techniques are also proposed in [12] [13] [14] [15] to obtain the better performance as compared to the traditional linear controllers. These nonlinear techniques are applied to a SMIB system or multimachine system.
The linear controllers as proposed in [4] [5] [6] [7] [8] [9] [10] [11] provide satisfactory operation over a fixed set of operating points. On the other hand, the nonlinear controllers in [12] [13] [14] [15] ensure better stability as compared to linear controllers and these controllers are also independent of operating point. Though the controllers as mentioned in [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] provide satisfactory operation, in these papers there are no clear indication about the parameters that affects the stability of the system. Much of the previous work [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] focuses on the angle stability of interconnected power systems with constant impedance loads. Traditionally the power system load has been dominated by induction motors and the recent push for renewable energy has introduced many induction generators. A linear LQG controllers using mean value theorem is designed for power system stability with dynamic load in [16] . Dynamic load models for voltage stability are proposed in [17] . A power system model is considered in [18] , to analyze all possible forms of instability mechanism caused by dynamics of the different devices, comprising a typical power system, such as, loads, generators, automatic voltage regulators, power system stabilizers, overexcitation limiters, and OLTCs with high accuracy using an accurate time-domain technique. But the investigation of critical parameters is not considered in these papers.
The induction motor loads account for a large portion of electric loads, especially in the large industries and air conditioning in business and residential areas. The induction motors used in system studies are aggregates of a large number of different motors for which detailed data are not available directly, therefore it is important to identify the critical parameters for stability studies. Following these remarks, the effects of induction motors on power system stability are focused in [19] . In this paper, Hellenic power system of Greece is considered for the analysis and the authors are mainly concentrated on electromechanical oscillations. There is no indication about the voltage oscillations. In [19] , the critical parameters are investigated by considering the induction motors and the synchronous generators separately. Also in this paper the damping constant of the synchronous generators are assumed as zero which is not practically meaningful. Moreover, they did not consider the effect of interconnection dynamics for which most of the nonlinearities occur in the system.
The aim of the this paper is to investigate the critical parameters of power systems with induction motor load by considering the induction motor and the synchronous generator together for a small as well as for a large system. In this paper, the value of damping constant of the synchronous generator is considered as non zero. The interconnection dynamics of the systems are also taken into account in this paper. Here, the critical parameters are investigated based on a SMIB system with induction motor loads and the dynamics of a large power system is also analyzed for sensitivity to critical parameters. The system is linearized by using Taylor series expansion method at the operating point. Finally, using the concepts of participation factors and eigenvalues, the critical parameters of the system are investigated. The sensitivity of these parameters with respect to other parameters on the basis of stability is also 978-1-4244-6551-4/10/$26.00 ©2010 IEEE The rest of the paper is organized as follows. In Section II the mathematical modeling of a single machine infinite bus system with induction motor load is given. Then in Section III the linearization of the whole system is presented. In Section IV the concepts of participation factors and eigenvalues are used to identify the critical parameters. Dynamic characteristics of a large power system are analyzed in Section V. Finally, the paper is concluded by brief remarks in Section VI.
II. MATHEMATICAL MODEL OF POWER SYSTEM
Power system can be modeled at several different levels of complexities, depending on the intended application of the model. Fig. 4 shows a single machine infinite bus system with induction motor load [20] which is the focus of this paper. In this model, the power is supplied to the load (P L = 1500 MW, Q L = 150 MVAR) from the infinite bus and local generator(approximately, P G = 300 MW, Q G = 225 MVAR. The load at bus-2 is made of three parts: (i) one part is presented by constant impedance load, (ii) another part represented by an equivalent large induction motor, and (iii) a shunt capacitor for compensation purposes. The major portion of these loads is induction motor, i.e., P = 1485M W and Q = 15M V R. The induction motor parameters are given in Appendix C.
With some typical assumptions, the synchronous generator can be modeled by the following set of differential equations [21] 
where δ is the power angle of the generator, ω is the rotor speed with respect to synchronous reference, H is the inertia constant of the generator, P m is the mechanical input power to the generator which is assumed to be constant, 
is the terminal voltage of the generator, I dg and I qg are direct and quadrature axis currents of the generator respectively. The main source of significant nonlinear effects in this model is related to I dg and I qg for which the expressions will be provided at the end of this section.
A simplified transient model of a single case induction machine, neglecting the stator transients and eliminating the rotor currents, is described by the following algebraic-differential equations written in a synchronously-rotating reference frame [22] :
Xm+Xr is the transient reactance, R s is the stator resistor which is assumed to be zero, X s is the stator reactance, X r is the rotor reactance, X m is the magnetizing reactance,
2 ω r is the torque drawn by the machine, H m is the inertia constant of the motor, s is the slip, T e = e dm i dm + e qm i qm is the electrical torque, e dm and e qm are the direct and quadrature axis transient voltages respectively, i dm and i qm are the direct and quadrature axis currents respectively. Here, this model represents the induction machine in it own direct and quadrature axes, which are different from the d and q axes of the generator. So axes transformation is used to represent the dynamic elements of both the induction motor and synchronous generator with respect to the same reference frame and to do so we use the following relations:
With these relations, a modified third-order induction motor model can be written as follows:
To complete the model the equation of I dg , I qg , I dm and I qm can be written as follows [21] :
III. LINEARIZATION OF POWER SYSTEM MODEL The power system model with dynamic load is expressed by equation (1)- (7). Using Taylor series expansion method and truncating the higher order terms, the linearized form of the equations (1)- (7) can be written as follows:
here the suffix 0 denotes the values at operating point which are given by
The linearization of the current equations is given in Appendix A. Finally, the linearized model of the whole system considering interconnection dynamics can be represented by the following linear state space equation:
Where A is the state matrix and x is the states of the system. The states are Δδ, Δω, ΔE qg , ΔV 0 , Δs, ΔE qm , and Δδ m . The elements of A that are necessary for the analysis of critical parameters are given in Appendix B.
IV. EIGENVALUES AND PARTICIPATION FACTORS OF THE SYSTEM The power system parameters of the model as shown in the Fig. 1 are taken from [18] and given in Appendix C. The operating point of the system can be determined by using load flow studies. Using the values at operating point and the power system parameters, the state matrix of the system can be calculated. The eigenvalues and participation factors of the whole system are shown in Table I and Table II respectively. From the eigenvalues in Table I , it is seen that the system has unstable modes 3 and 4 with some low frequency oscillations. The participation factors in Table II show that the states δ, E q , and E m have the highest participation in instability which means that there is some angle instability and some voltage instability in the system. Therefore, now if the coefficients related to δ, E q , and E m are varied then the system may become stable. The following elements of A: a 11 , a 13 , a 16 ,  a 21 , a 23 , a 26 , a 31 , a 33 , a 36 , a 41 , a 43 , a 46 , a 51 , a 53 , a 56 , a 61 ,  a 62 , a 63 , a 66 , a 71 , a 73 , and a 76 are related to the system parameters that affect the stability.
By varying the coefficients related to the states as mentioned above, only the parameter, the direct axis open circuit time constant of the induction motor T dom , affect the stability of the system when there is some damping provided by the synchronous generator. But if no damping is provided by the synchronous generators, the inertia constant of the induction machine also affects the system stability. After varying the value of direct axis open circuit time constant of the induction motor, T dom , the system becomes stable and the eigenvalues are shown in Table III .
To make the system stable, the value of T dom is reduced from its nominal value. Though the system is stable, still there are six oscillating modes. These modes are dominated by the Exciter gain (pu)
Damping of the system Fig. 3 . Sensitivity of damping with respect to the exciter gain voltage and as well as angle. The small variation of the exciter gain K A does not affect the power system stability. But if K A is set to very high value, the system is stable with high frequency oscillation. On the other hand, the very low values of K A make the system unstable. In Fig. 2 , with the small variation of the induction motor direct axis rotor open circuit time constant, the damping changes dramatically. If the direct axis rotor open circuit time constant of the induction motor is varied from 17.9 to 18.1, the damping of the system changes from −0.004 to +0.004. Again, from Fig. 3 , it is seen that if the exciter gain varies from 25 to 50, the damping of the system varies from −0.001 to 0.008. In conclusion, the variation of critical parameters is more sensitive as compared to the variation of the exciter gain which is shown in Fig. 2 and Fig. 3 .
V. DYNAMIC CHARACTERISTICS OF A LARGE POWER SYSTEM
The sensitivity of large power system to the critical parameters is analyzed in this section. For this analysis, a 10-generator, 39-bus New England system is considered. The parameters which are used for the analysis are taken from [23] and given in Appendix C. The system is shown in Fig. 4 .
The system is unstable the eigenvalues of dominant unstable mode are 0.35031 ± 2.8725i. In these modes, generators at bus-34 and bus-38 have the highest participation in the system instability.
Next, the induction motors are connected at bus-4, bus-8 and bus-20. The ratings and the other parameters of the induction motors are same as considered in the previous section. After connecting these dynamic loads, the system is unstable with dominant eigenvalues 0.31730±3.3886i. For this mode generator at bus-38 is has a much higher participating factor than the generator as bus-34.
When the critical parameter as investigated in the previous section i.e., the direct axis open circuit time constant of the induction motor T dom , is changed, then again the system is unstable with eigenvalues 0.29444 ± 3.4030i. Finally, a stable system is obtained only by varying T dom . At some lower values of T dom , 100 times less than the nominal values, all the eigenvalues of the system are in the left-half complex plane. At this stage, all the eigenvalues with oscillating modes are given in Appendix D.
VI. CONCLUSION
The linearized model of the synchronous machine and induction motor system is presented in this paper. Since most of the nonlinearities in the system occur due to the interconnection dynamics, therefore the effects of interconnection dynamics are also considered in the linearization process. Finally, by using the concept of eigenvalues and participation factors and by varying some coefficients of the state matrix, the direct axis open circuit time constant of the induction motor, T dom , is found as the parameter that affects the stability of the system when there is some damping in the synchronous generator. But if there is no damping or less damping in the synchronous generator, then in addition with the direct axis open circuit time constant of the induction motor, T dom , the inertia constant, H, of the induction motor also affect the stability. These critical parameters are more sensitive to stability, with respect to other power system parameters. The dynamics of large power systems are also affected due to the variation of these critical parameters. Moreover, there exists both the angle instability and voltage instability in the system. In order to obtain the angle stability, power system stabilizer (PSS) can be used but in case of voltage stability special types of controllers are necessary. The design of controllers is the aim of the future research.
APPENDIX A LINEARIZATION OF CURRENTS RELATED TO SYNCHRONOUS GENERATOR AND INDUCTION MOTOR
The equation of I dg , I qg , I dm and I qm can be linearized as follows: 
